(MSE) to treat metal-laden adit discharge (pH values are circum-neutral). The treatment medium consisted of a mixture of fish bone (Apatite II TM ) and gravel. Monthly performance monitoring of the ATS over a 21-month period showed attenuation of cadmium, lead, zinc, iron and manganese. In comparison to the ATS inflow, redox conditions in the outflow were more reduced, with higher calcium, sulfide, nitrogen and phosphorus concentrations. Geochemical modeling using the United States Geological Survey code PHREEQC was conducted to identify the reaction mechanisms responsible for the observed changes in water quality. Modeling results were reviewed in the context of available solid-phase data (i.e., chemical composition and detailed mineralogy) and experience at other sites to identify the most likely attenuation mechanisms. Zinc attenuation was attributed to precipitation as zinc sulfide, subsequently confirmed by mineralogical analysis. Collagen was identified as the most likely source of nitrogen release from the ATS, and was likely responsible for reducing conditions in the effluent. The increase in phosphorus concentrations was attributed to dissolution of the Apatite II TM and subsequent formation of insoluble metal phosphates.
Introduction

Project Background
The Nevada Stewart Mine is an abandoned Pb-Zn mine located within the Coeur d'Alene Mining District, Idaho. Adit discharge from abandoned mine workings is estimated at 190 liters per minute (L/min). The primary contaminants in adit discharge are Pb, Mn and Zn.
In 2002, a passive Apatite II TM Treatment System (ATS) was installed to treat metal-laden adit discharge. Prior to installation of the subsurface ATS, adit discharge flowed into Highland Creek. The system was designed to treat approximately 40% (~76 L/min) of the adit discharge, which is captured upon exiting the adit and directed to the treatment system by gravity. The ATS includes the following components ( Fig. 1 and 2 ):
 A 3,785-liter retention-settling basin (Tank 1);  Three parallel 11,355-liter treatment tanks (Tanks 2, 3 and 4) filled with a mixture of fish bone (Apatite II TM ) and gravel (approximately 75% to 25% by volume apatite/gravel mix). The total masses of gravel and Apatite II TM used in the entire treatment system (i.e., split equally among all three tanks) were approximately 10,000 kg and 5,000 kg, respectively; and,  An infiltration catch basin.
The objective of this study was to obtain a greater understanding of the mechanisms responsible for metals attenuation at the Nevada Stewart Site. Performance monitoring of the ATS system included collection and analysis of both water and solid phase samples. These data were evaluated and geochemical modeling was conducted to identify possible reaction mechanisms responsible for the observed changes in water quality.
Apatite Treatment Theory
Extensive research has been conducted to identify the mechanisms responsible for metals attenuation by apatite (e.g., Ma et al., 1993; Ma et al., 1994; Xu and Schwartz, 1994; Chen et al., 1997a) . Possible attenuation mechanisms include mineral precipitation, adsorption and cation substitution.
The Nevada Stewart Mine ATS uses Apatite II TM as the reactive medium. Apatite II TM is composed of fish bone, and therefore hydroxyapatite (HA) (nominal formula is Ca 5 (PO 4 ) 3 (OH)), a component of the bones and teeth of vertebrates, is the primary mineral phase. The specific chemical composition of Apatite II TM is Ca 10-x Na x (PO 4 ) 6-x (CO 3 ) x (OH) 2 (where x is less than 1) (Wright et al., 2004) . In comparison to end-member HA, Apatite II TM has partial substitution of CO 3 -2 ions for PO 4 -3 and Na for Ca.
Bone is also composed of 30 to 35% organic material (on a dry weight basis), of which the primary constituent (95%) is collagen (Turek and Lippincott, 1985) . The nominal chemical composition of collagen can be represented by C 102 H 149 O 38 N 31 . Research on metals attenuation by apatite has included testing of a variety of apatite minerals including synthetic HA (Ma et al., 1993; Xu and Schwartz, 1994) , natural apatite (Ma et al., 1993; Chen et al., 1997a , Chen et al., 1997b and Apatite II TM (Bostick et al., 2000) . Mechanisms proposed for Pb, Cd, and Zn attenuation by apatite are discussed below. Manganese attenuation by apatite is not specifically addressed, as this constituent appears to have received less research focus than Pb, Cd and Zn.
Lead. Ma et al. (1993) The dissolution of HA results in a release of phosphorus into solution that reacts with aqueous Pb to form the Pb phosphate hydroxypyromorphite (HP). The relative solubilities of HA and HP make the above reaction sequence possible, HA being the more soluble mineral phase (assuming dissolution in pure water). Modeled HA and HP solubilities in pure water as a function of pH are shown in Fig. 3 . As pH increases, the solubilities of HA and HP decrease. Solution pH is therefore a key factor in the effectiveness of Pb attenuation by HA. Ma et al. (1993) noted that for optimal Pb removal, solution pH must be low enough to dissolve HA, yet high enough to maintain a low solubility of HP, thereby keeping aqueous Pb concentrations low. It is notable that in a mine drainage solution, the presence of Ca and possibly PO 4 -3 would influence the relative solubilities of HA and HP. Ma et al. (1994) Fig. 3 .
Research by Xu and Schwartz (1994) -free systems and CP when chloride was present. HP precipitation was observed to be isolated from the HA grains; whereas, CP precipitated onto the HA grains. The coating of HA grains by CP is relevant with respect to the long-term dissolution and effectiveness of Pb attenuation by HA. These reactions were kinetically fast (on the order of minutes), with the dissolution of HA being the rate-limiting step.
Cadmium and Zinc. Chen et al. (1997b) studied reaction of Cd and Zn solutions with apatite from a sedimentary phosphate rock deposit. Precipitation of otavite [CdCO 3 ] was observed, the carbonate being supplied by the carbonate-bearing apatite (gas-free deionized distilled water was used in the study and the reaction was conducted in air-tight centrifuge tubes). No other Cd or Zn mineral phases were identified; however, the possibility of other amorphous or crystalline phases (for example Cd and Zn phosphates) was not entirely dismissed. In addition to precipitation of otavite, Cd and Zn attenuation was attributed to surface adsorption. Ma et al. (1994) studied the effects of competing metal ions, including Cd and Zn, on Pb-HA reactions. Adsorption onto HA and precipitation of amorphous to poorly crystalline phases were proposed for the observed attenuation of Cd and Zn.
ATS System Monitoring
Water Quality Monitoring
Monthly performance monitoring of the ATS system was conducted between November 2002 and August 2004. Treatment system influent (Port 1 and Port A) and effluent (Ports 2, 3 and 4) samples were collected (sampling locations shown in Fig. 1 ). The two influent stations, Port 1 and Port A, are located at the inflow and the outflow of the retention basin, respectively. Two levels of monitoring were conducted, described as baseline and target suites (Table 1) . Baseline monitoring was conducted at Ports 1 through 4 on three occasions. The target analyte suite was determined during the other 17 sampling events.
Bacteriological Characterization
A single round of SO 4 -2 reducing bacteria (SRB) enumerations was conducted on influent and effluent samples collected in September 2004. SRB are a group of anaerobic bacteria which reduce sulfate to sulfide.
Solid Phase Characterization
Chemical analysis of the reactive medium was performed by Dr. Steve Anderson of Montana Tech of the University of Montana (Montana Tech) (Anderson and Clary, 2004; Clary, 2004) . The fish bone/gravel mixture was analyzed prior to placement in the tanks, and samples of treatment tank solids were collected during tank operation in July 2003. The treatment tank solids were collected at surface and from four discrete depths within each of the three treatment tanks (i.e., 8, 16, 24 and 32 inches below the surface). Samples were submitted to SVL Analytical, Inc. (SVL) in Kellogg, Idaho and analyzed by Environmental Protection Agency (EPA) Test Method 3050B for the following constituents: Ca, Cd, Fe, Mn, Pb and Zn. The sample fractions were biased toward the fish bone fraction of the samples (as opposed to the gravel fraction), and the analytical results are therefore representative of the composition of the fish bone. Mineralogical analysis (i.e., x-ray diffraction (XRD) and scanning electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDX)) were also conducted on the solid samples. In September 2004, a second round of solid-phase sampling was conducted by MSE. Samples were once again submitted to SVL. Sample collection and analysis protocols (i.e., total metals analysis) were the same as those employed by Montana Tech in July 2003. The metal results from the two sampling events are therefore directly comparable.
ATS Monitoring Results
Flow Conditions
Treatment system inflow and outflows were measured using Thel Mar weirs. Measured inflow (Port 1) to the ATS ranged from approximately 19 to 114 L/min, with peak flows being recorded in the late spring 2003 (May 2003 . In February 2003, cleaning of the influent and effluent lines was required to maintain flow. To enhance tank permeability, air sparging was performed on four occasions: May 29, 2003 , October 21, 2003 , February 10, 2004 and April 4, 2004 . Air sparging was conducted after routine monitoring. An air compressor was used to supply air for injection into the treatment tanks via a pipe with holes at its base inserted into the tanks through the manhole access ports (access ports shown in Fig. 2 ). The air flow rate and time of injection were not recorded.
The inflow was unintentionally distributed unequally among the three parallel treatment tanks. Flow variability among the tanks was attributed to differences in the permeability of the treatment cells due to variability in the degree of settling and secondary mineral precipitation 
Influent and Effluent Chemistry
The ranges of influent and effluent concentrations for the primary contaminants in adit discharge are summarized in Table 2 .
Observed absolute reductions in Zn concentrations were higher than for Pb and Mn. Lead entered the ATS at the part per billion (ppb) level; whereas, Zn concentrations in the influent were higher, at part per million (ppm) levels. Manganese influent concentrations were intermediate to Pb and Zn. The apatite treatment system generally resulted in the following changes to adit water chemistry:
 change from oxidizing to reducing (or less oxidizing) conditions;  reduction in trace metal concentrations (Cd and Zn);  reduction in Fe and Mn concentrations;  small increase in Ca concentrations;  increase in sulfide concentrations;  increase in nutrient concentrations (N and P); and,  increase in total coliform concentrations. The following sections describe these changes in more detail.
pH. In general, very little change in pH was observed between the influent and effluent (Fig. 4) The alkalinity of effluent waters was also generally similar to alkalinity in the influent ( The Eh of the outflow during the first year of monitoring indicated a change toward more reducing conditions, ranging from -90 to 230 mV. A decline in dissolved oxygen and increases in ammonia and sulfide concentrations were also indicative of more reducing conditions within the treatment tank in comparison to the influent. Since November 2003, differences between influent and effluent Eh were generally smaller, and in some months, effluent Eh values were higher than influent Eh. Port 4 in the final stages of monitoring was an exception, reporting lower Eh values than both the influent and Ports 2 and 3. Over the period of monitoring, a general decline in effluent sulfide concentrations was observed. Air sparging did not appear to affect effluent Eh values, that is to say, an increase in Eh was not consistently observed following air sparging events. Differences in outflow Fe and Mn concentrations also suggest variability in redox conditions. Declines in dissolved Fe and Mn were observed at all outflows; however, the magnitude of these declines was variable. Dissolved Fe and Mn concentrations were generally higher in Port 3 than Ports 2 and 4, indicating a lesser degree of attenuation (Fig. 6 ). (Table 3) . SRB concentration trends among ports were consistent with trends in sulfide data from the August 2004 sampling event. Variability in the redox condition is likely in part attributed to differences in the flows among the tanks.
Major Ions. Calcium concentrations in the influent were relatively stable, ranging from 83 to 103 mg/L. Effluent waters reported slightly higher Ca concentrations, up to 111 mg/L (Fig. 8) .
Monitoring results show little difference between influent and effluent Mg concentrations on a monthly basis (typically less than 1 mg/L). The observed declines in SO 4 -2 concentrations between the influent and effluent (Fig. 5) generally correlated with increases in sulfide concentrations. On a monthly basis, the sample Port that reported the greatest decline in SO 4 -2 , typically recorded the highest sulfide concentration (Fig. 5 ). A decline in Cd concentrations was also observed; however, influent dissolved Cd concentrations were very low (< 1 ppb) resulting in very small absolute reductions in concentration (Fig. 9) . Influent Cd concentrations appear to vary seasonally, with peak concentrations measured in the winter and minimum concentrations measured in the summer. No significant differences in dissolved Pb concentrations were observed between influent and effluent concentrations (Fig. 9) . On some dates (e.g., March, April, June and July 2003) the effluent ports reported slightly higher Pb concentrations than the influent. Similar to Cd, influent dissolved Pb concentrations were very low (less than 3 ppb).
Attenuation of Fe and Mn within the ATS was observed as well (Fig. 6) . Influent Fe concentrations ranged from 0.2 to 0.9 mg/L. The three tanks showed varying degrees of Fe attenuation. Outflow Fe concentrations ranged from below detectable limits (<0.01 mg/L) to 0.6 mg/L. Manganese in the influent was stable at 0.6 to 0.7 mg/L. Manganese in the effluent ranged from 0.1 to 0.6 mg/L. Nutrients. Characteristic of apatite treatment systems, an increase in P concentrations was observed in the effluent (Fig. 10) . Total N in the effluent was higher than in the influent, indicating N release from the treatment medium (Fig. 10) . Collagen is considered the most likely N source.
Bacteriological. Influent total coliform concentrations typically ranged from below detectable limits (< 1 per 100 mL) to less than 10 per 100 mL. An increase in total coliform was generally observed between the influent and the effluent (only three sampling events at Port 4 reported a decline in total coliform). Peak outflow total coliform was measured in June 2003 at 467 per 100 mL 1 . Port 4 total coliform levels generally declined over the period of monitoring.
Retention Basin Water Quality Results Port 1 and Port A are located at the inflow and the outflow of the retention basin, respectively (Fig. 1) . The retention basin outflow quality (Port A) was similar to the inflow (Port 1). Very little change was observed in pH (< 0.2 pH units) and conductivity (<5 µS/cm) between the retention basin inflow and outflow. A slight decline in Fe concentrations was consistently observed, possibly due to the precipitation of Fe oxyhydroxides. Small declines in Zn concentrations were observed on two out of three dates samples were collected at Port A and Port 1. The retention basin results in only minor changes to the dissolved phase inflow chemistry to the three apatite treatment tanks.
Solid Phase Results
Elemental Composition. Solid phase chemistry results are shown in Fig. 11 . Solid phase Cd, Fe, Mn, and Zn concentrations are higher in the treatment tank in comparison to the raw fish bone samples, indicating retention of these constituents within the treatment tank. These results were expected based on the observed reduction in aqueous phase concentrations between the inflow and outflow. Although little change was observed between inflow and outflow aqueous Pb concentrations (Fig. 9) , the solid phase results indicate retention of Pb within the treatment tank. The solid phase results further suggest spatial variability in the degree of metals attenuation throughout the tanks. For example, solid phase Cd, Fe, Mn, and Pb concentrations all peaked at a depth of 8 inches within treatment Tank 3 in July 2003. In September 2004, a distinct peak in these same constituents was observed at surface in Tank 2. Spatial variability in the degree of attenuation throughout the tanks likely results from both chemical variability (e.g., spatial variability in redox conditions) as well as physical variability (e.g., preferential flow paths). Due to the small mass of sample subjected to total metals analysis (on the order of a few grams), observed peaks in trace metal concentrations may simply represent a micro-environment within the treatment tank. For this reason, an evaluation of average solids concentrations is likely more indicative of overall conditions and trends within the treatment tanks. Pb (r = 0.87) and Cd and Pb (r = 0.74). These results suggest that these constituents (i.e., Mn, Fe, Cd and Pb) are attenuated by the same geochemical process. Overall, Zn showed a poor correlation with Fe (r = 0.16), Cd (r = 0.27), Mn (r = 0.14) and Pb (r = 0.24) suggesting that the attenuation mechanism for Zn is distinct from that for the other constituents.
Mineralogical Analysis. Montana Tech used both XRD and SEM/EDX techniques to evaluate the mineralogy of the raw fish bone and treatment tank samples. XRD will identify crystalline phases present in a sample above the method's quantitation limit, generally a few percent. Poorly crystalline HA was the only phase identified by XRD (Clary, 2004) .
SEM/EDX analysis of the solids from all treatment tanks showed high Zn concentrations in association with high sulfide. Zinc sulfide crystals were identified in samples from treatment Tank 4. The exact nature of the ZnS 2 crystals (e.g., sphalerite, wurtzite) was not determined. Identification of Cd and Pb phases was hindered by the relatively low concentrations of these metals (Clary, 2004) .
Geochemical Modeling
Geochemical modeling was conducted to identify possible reaction mechanisms responsible for changes in observed constituent concentrations. The geochemical model used was PHREEQC Version 2.7 (Parkhurst and Appelo, 1999) , an equilibrium speciation and masstransfer code developed by the United States Geological Survey (USGS). This model has the ability to simulate mixing of waters, precipitation/dissolution of selected solids, redox reactions, atmospheric interaction and adsorption of metals onto Fe oxides. The fast reaction kinetics of HA dissolution (Xu and Schwartz, 1994) supports the application of an equilibrium model. The MINTEQA2 thermodynamic database was used in this study.
Speciation Modeling
Speciation modeling was conducted for all monitoring results for which a comprehensive chemical analysis was available (i.e., major ions and trace metals) at the following monitoring locations: Adit, ATS inflow (Port 1) and ATS outflows (Ports 2, 3 and 4). Model result evaluation focused on the constituents listed in Table 4 for which the greatest changes in concentration were observed. To evaluate possible controlling mineral phases, inflow and effluent water chemistries were speciated and saturation indices evaluated. Concentrations of constituents reported as below detectable limits were assumed equal to the detection limit. The potential for mineral precipitation was assessed using the saturation index (SI) calculated according to Equation 4.
The saturation index is the ratio of the ion activity product (IAP) of a mineral and the solubility product (K sp ). An SI greater than zero indicates that the water is supersaturated with respect to a particular mineral phase and therefore, mineral precipitation may occur. Conversely, an SI less than zero suggests a propensity for a particular mineral to dissolve. Supersaturated mineral phases were identified and evaluated for their likelihood to precipitate from the solution. Nearsaturation is defined as -0.5 ≤ SI ≥ +0.5. This range was used to account for uncertainties in the thermodynamic database, as well as uncertainties inherent to collection and analysis of water samples.
Iron (Zanini et al., 1998; Carodona, 2000) . Precipitation of a pure Fe phosphate may therefore be a control on Fe concentrations; however, Fe substitution within a Ca phosphate phase (e.g., HA) also may occur.
Calcium and Phosphorus. The influent (Port 1) was modeled to be at near-saturation with respect to HA during the early stages of monitoring. Since June 2003, SI values for HA typically indicated undersaturated conditions. Effluents were generally supersaturated with respect to HA, indicative of dissolution of this mineral within the treatment tank. Bostick and others (2000) note that Apatite II TM is more soluble than crystalline HA, consistent with the model's prediction of supersaturation with respect to HA. Observed increases in aqueous Ca and P are consistent with dissolution of HA.
Zinc. Effluents were undersaturated with respect to the Zn carbonate, hydroxide, sulfate and phosphate minerals included in the MINTEQA2 database. Equilibrium with respect to the Zn sulfide wurtzite [ZnS] was predicted in Port 2 and 4 waters on occasion, suggesting a control on Zn concentrations through mineral precipitation. Its polymorph sphalerite [ZnS] was modeled to be supersaturated in both the influent and effluents due to the presence of detectable dissolved sulfide in both. Mineralogical analysis by Montana Tech has identified Zn sulfide as a secondary mineral phase (Clary, 2004) . A plot of effluent Zn versus sulfide shows lower Zn concentrations in association with higher sulfide, consistent with greater Zn attenuation under reducing conditions (Fig. 12 -note the logarithmic scale on the ordinate).
Manganese. The effluents were undersaturated with respect to the Mn carbonate, hydroxide, and oxide minerals included in the MINTEQA2 database. The effluents were near equilibrium to supersaturated with respect to Mn phosphate [MnHPO 4 ]. Attenuation of Mn within the treatment tank may therefore be attributed to the precipitation of a Mn phosphate; however, further evaluation would be required to establish if MnHPO 4 is indeed a credible secondary mineral phase. Adsorption onto ferrihydrite within the retention-settling basin may also account for Mn attenuation. Within the apatite treatment tanks where conditions are more reducing, adsorption onto ferrihydrite is considered an unlikely mechanism for Mn removal.
Nitrogen. As mentioned earlier, N release from the treatment tank is likely attributed to collagen. Attenuation of nitrogen by mineral precipitation is considered unlikely.
Aqueous/Solid Phase Interaction Modeling
The second phase of the geochemical modeling effort involved simulation of interactions between the solid and aqueous phase. Possible controlling mineral phases identified during speciation modeling were equilibrated with the influent. The goal of this modeling was to assess the model's ability to predict effluent water quality using the standard thermodynamic database. Model Approach. For selected sampling dates, the influent chemistry (Port 1) was equilibrated with selected geochemically-credible solid phases. The resultant chemistry was then compared to measured outflow water qualities (Ports 2, 3 and 4). Specifically, the following stepwise approach was followed:
1. Settling Pond -Port 1 water quality was equilibrated with ferrihydrite, meaning that if ferrihydrite was supersaturated, this mineral phase was allowed to precipitate. When ferrihydrite was predicted to precipitate, adsorption of metals onto this mineral phase was simulated.
2. Treatment Tank -Outflow water quality from
Step 1 3. Comparison -Predicted outflow water quality was compared to inflow water quality.
The model did not simulate adsorption of metals onto HA. Only adsorption onto freshly precipitated ferrihydrite was considered. Biological reactions within the treatment tank were also not represented in the modeled system.
Model Results. Comparisons of measured and simulated treatment tank water qualities for the April 2003 data set are provided in Table 5 . Port 1 measured water quality is representative of the water entering the settling pond (Tank 1). Port 1 outflow water quality is the predicted water quality following equilibration with ferrihydrite and metal adsorption onto this phase. These water qualities are therefore not directly comparable.
The model simulation predicts precipitation of ferrihydrite within the settling tank. This results in a decline in aqueous Fe concentrations to values below those measured in treatment tank outflows suggesting possible overprediction of ferrihydrite precipitation by the model. Adsorption of Zn, Pb, Ca, phosphate, sulfate, Mn and Cd onto the freshly precipitated ferrihydrite is predicted as well. Reductions in concentration for all constituents through adsorption are predicted to be small, ranging from less than 1 ppb (e.g., Cd and Pb) to 10s of ppb (e.g., Zn).
Precipitation of MnHPO 4 and Cd, Pb and Zn sulfides is predicted within the treatment tanks. For all four constituents (i.e. Mn, Cd, Pb and Zn), the model overpredicts the degree of attenuation within the treatment tank. Discrepancies between modeled and measured concentrations may be attributed to any one or a combination of the following: 1. The model simulation assumes equilibrium conditions, and therefore, does not account for the kinetics of precipitation reactions, which may result in slower formation of mineral precipitates.
2. The model assumes precipitation of pure mineral phases. In reality, most mineral phases formed will contain significant amounts of impurities. The presence of such impurities affects the thermodynamic properties and solubility characteristics of the minerals.
3. Incorrect identification of controlling mineral phases and/or a lack of thermodynamic information on minerals present in the tanks.
Good agreement is observed between the measured and modeled pH and redox conditions within the treatment tanks. The model accurately simulates the observed increases in alkalinity between inflow and outflow waters. This increase in alkalinity is attributed to the dissolution of HA, which releases phosphate ions into solution, and redox reactions (i.e., sulfate reduction by organic matter). Under prediction of outflow total P may be attributed to an underestimation of the amount of HA that dissolves or due to overestimation of the precipitation of MnHPO 4 .
Simulated release of collagen from the treatment medium results in a change from oxidizing to reducing conditions. The model therefore reasonably simulates the distribution of sulfur between sulfate and sulfide. The model returns lower pe values for the treatment tanks than those recorded in the field. The occurrence of both nitrate+nitrite and sulfide in treatment tank outflows suggests a state of redox disequilibrium within the tanks. The ability to simulate a change from oxidizing to more reducing conditions, as observed in the field, is considered more important than obtaining an exact match between measured and modeled pe values. 
Summary and Conclusions
Geochemical Modeling An extensive geochemical data set is available for the Nevada Stewart ATS. This system effectively attenuates Cd, Zn, Fe and Mn as evidenced by decreases in aqueous phase concentrations between the influent and the effluent and increases in the solid phase concentrations of these constituents within the treatment tanks. An increase in solid phase Pb concentrations within the treatment tanks suggests Pb attenuation.
Geochemical modeling was conducted to identify possible attenuation mechanisms for Cd, Mn and Zn. Speciation modeling was first conducted to assess the potential for mineral precipitation. Speciation modeling identified Mn phosphate as a possible control on Mn concentrations. Depending on the redox conditions within each treatment tank, precipitation of ferrihydrite, Fe sulfide or Fe phosphate may control Fe concentrations. Supersaturation was observed with respect to a number of metal sulfides (i.e., Cd, Pb and Zn).
The second phase of geochemical modeling involved simulation of the aqueous and solid phase interactions within the treatment tanks. These simulations showed good agreement between the measured and modeled geochemical conditions within the treatment tanks (e.g., pH, redox and alkalinity). Simulated release of collagen from treatment media resulted in a redox change within the treatment tanks from oxidizing to reducing conditions, as observed in the field. The chemical characteristics of the organic component of the reactive medium (tentatively identified and modeled as collagen) may merit further investigation, as its dissolution appears to have a pronounced effect on effluent quality. Good agreement was observed between modeled and observed sulfur speciation within the treatment tank. Simulated precipitation of MnHPO 4 and metal sulfides (i.e., CdS, PbS, and ZnS) resulted in an over prediction of metal attenuation by the treatment tank.
Attenuation can likely be attributed to a variety of mechanisms including both mineral precipitation and surface reactions (e.g., adsorption). The results of geochemical modeling were reviewed in the context of the entire data set (i.e., solid phase analysis and mineralogy) and experience at other sites to identify the most likely attenuation mechanisms.
Attenuation Mechanisms Sulfide Mineral Precipitation. Precipitation of Zn sulfide is likely the dominant mechanism for Zn attenuation within the treatment tanks. Some Fe attenuation within the treatment tanks (in particular Tank 4) may also be attributable to the precipitation of an Fe sulfide. The treatment of acid mine drainage with permeable reactive barriers (PRBs) that attenuate metals by sulfide precipitation has proven successful (Benner et al., 1997) . In such treatment systems, reducing conditions are created (e.g., through use of organic substrates), resulting in formation of insoluble metal sulfides. The reducing conditions in the Nevada Stewart ATS, specifically the presence of hydrogen sulfide, suggest that metal attenuation through sulfide precipitation may also be occurring at the Nevada Stewart Site. The aqueous chemistry results support removal of Zn under reducing conditions. The lowest effluent Zn concentrations occur in association with elevated sulfide concentrations. Mineralogical evaluation, however, is the best way to conclusively identify controlling secondary mineral phases. Mineralogical analysis by Montana Tech confirmed the presence of a Zn sulfide (Clary, 2004 ).
Attenuation of Cd and Pb due to sulfide precipitation is inconclusive. Speciation modeling showed supersaturation with respect to both Cd and Pb sulfide. The relatively low solid phase concentrations of these metals in the treatment tanks prevented the identification of any Cd/Pb secondary mineral phases by Montana Tech (Clary, 2004) . Correlation analysis results for the treatment tank elemental concentrations suggest an alternative attenuation mechanism to sulfide precipitation. If the dominant mechanism for Cd and Pb removal was sulfide precipitation, a correlation between Zn and these metals would be expected. Although the early solid phase chemistry results do show a correlation between Cd and Zn, a positive correlation was not observed for the September 2004 data set.
Phosphate Mineral Precipitation. Speciation modeling identified Mn phosphate as a possible control on Mn concentrations. Further evaluation would be required to establish if MnHPO 4 is indeed a credible secondary mineral phase. Similarly, formation of strengite (Fe-phosphate) was identified as a possible sink for Fe.
Effluent saturation indices indicate undersaturation with respect to HP. Because influent Pb concentrations are very low, substitution of Pb for Ca during re-precipitation of HA may be the mechanism responsible for Pb attenuation. Precipitation of CP, which has a lower solubility than HP or HA (Fig. 2) , may also control Pb concentrations. On the dates for which Cl -data were available, saturation indices for this mineral were calculated. Chloride concentrations were generally below or close to the detection limit in site waters. The inflow was undersaturated with respect to CP. Equilibrium with CP was, however, predicted on occasion in both Tank 2 and 3.
Co-precipitation with HA is also a possible attenuation mechanism for Cd and Fe (and possibly Mn). The positive correlations between solid phase metal concentrations for Fe, Pb, Cd and Mn suggests a similar attenuation mechanism and/or attenuation under similar geochemical conditions. Inclusion of these constituents in a secondary phosphate mineral phase is one such mechanism.
Surface Reactions. Adsorption of Pb, Cd and Mn onto ferrihydrite or the Apatite II TM treatment medium (Wright et al., 2004) would also account for the positive correlation observed between the solid phase concentrations of these metals. Iron oxide staining is observed at the adit and the treatment tank outflows. Wright (2004) cites studies that showed Apatite II TM will adsorb up to 5% of its weight in metals. The mineralogical analysis conducted to date is not capable of characterizing surface reactions such as adsorption. More sophisticated analytical techniques and analysis would be required to make a definitive conclusion regarding the role of this process at the Nevada Stewart Site.
